Time-averaged two-point measurements of the fluctuating wall pressure and instantaneous measurements of the full fluctuating wall pressure field were performed in incompressible turbulent impinging jets with nozzle-to-plate spacings of 2 and 4 diameters, Reynolds numbers of 23 300, and Mach numbers of 0.03. An azimuthal Fourier decomposition of the fluctuating wall pressure revealed that the fluctuations in the stagnation region were dominated by azimuthal mode 1 to 3, and the contributions from these modes were larger for the jet with H/D = 4. Azimuthal modes 0 and 1 made significant contributions to the pressure fluctuations in the wall jet region of both jets, indicating that the large-scale ring structures formed in the jet shear-layer play a prominent role in this region. The contributions from modes 0 and 1 in the wall jet were smaller for the jet with H/D = 4 indicating that the ring structures play a less prominent role in the wall jet region as the nozzle-to-plate distance increased. A wavelet analysis of the transient fluctuations indicated that azimuthal mode 1 had dominant high-frequency and low-frequency components, while azimuthal mode 0 had only the higher-frequency oscillations. The higher-frequency components of azimuthal modes 0 and 1 occurred in both the stagnation and the wall jet regions and are attributed to the asymmetric evolution of the ring structures in the jet. The low-frequency oscillations were primarily associated with azimuthal mode 1 and were evident only in the stagnation region. These oscillations became more prominent as the nozzle-to-plate distance was increased.
Introduction
There have been numerous investigations of the flow field (e.g. Cooper et al. 1993; Fairweather & Hargrave 2002) and heat transfer (e.g. Viskanta 1993; Webb & Ma 1995) produced by turbulent round impinging jets, motivated in part because impinging jets occur widely in practical applications such as electronics cooling and vertical stationary take off/landing aircraft (VSTOL). The development of the impinging jet flow field is typically divided into two regions, the stagnation region associated with the turning of the mean flow, r/D < 1, and the radial wall jet region, r/D > 1. It is increasingly recognized that the large-scale structures formed in the jet shear-layer play an important role in the flow and heat transfer produced by the round impinging jet in both regions. For example, when the jet nozzle is approximately 6 diameters from the surface, the collapse of the impinging jet's potential core causes large-scale turbulent fluctuations near the wall that enhance the heat transfer in the stagnation region (cf. Kataoka et al. 1982 Kataoka et al. , 1987 . In round jets with smaller nozzle-to-plate distances, the quasi-periodic vortex ring structures formed in the jet shear-layer impinge on the wall and then spread radially outward causing an unsteady separation in the radial wall jet (Didden & Ho 1985; Landreth & Adrian 1990 ), similar to that observed when a vortex ring interacts with a wall (e.g. Walker et al. 1987; Doligalski, Smith & Walker 1994) . The ring structures impinging on the surface play an important role in the resonant feedback mechanism in compressible impinging jets (Ho & Nosseir 1981; Nosseir & Ho 1982) , while the unsteady separation in the radial wall jet seems to cause a secondary peak in the heat transfer in this region (Viskanta 1993; Webb & Ma 1995) .
The unsteady separation in the radial wall jet formed by a forced impinging round jet was examined in detail by Didden & Ho (1985) . They observed that the vortex rings formed in the jet shear-layer approach the plate approximately 0.9 diameters from the jet centreline and then travel radially outward over the surface causing the formation of secondary vortex rings near the wall. These secondary vortex rings eventually were ejected from the surface approximately 1.5 diameters from the jet centreline. They then wrapped around the primary rings which led to the breakdown of both ring structures. Popiel & Trass (1991) and Landreth & Adrian (1990) observed a similar unsteady separation process in unforced round impinging jets using flow visualization and particle image velocimetry (PIV) measurements, respectively, whereas Gogineni & Shih (1997) observed similar events in the near field of a two-dimensional planar wall jet. In the latter case, the large-scale structures in the jet's outer shear-layer caused an unsteady separation of the near-wall layer. Landreth & Adrian (1990) noted that the development of the primary and secondary vortex structures were not symmetric about the centreline in the unforced round impinging jet. Tsobokura et al. (2003) observed an asymmetric tilting of the vortex ring structures approaching and interacting with the wall in a low-Reynolds-number large-eddy simulation (LES) of a forced impinging jet. The three-dimensionality of the structures in the radial wall jets formed by round impinging jets with H/D = 2 was examined by Hall & Ewing (2005) using two-point correlations of the fluctuating wall pressure. They found that azimuthal modes 0 and 1 made similar contributions to the fluctuating wall pressure indicating that the structures in the wall jet were asymmetric. Measurements were not reported in the stagnation region, so it was not possible to determine whether the contribution from azimuthal mode 1 was caused by oscillations in the jet shear-layer before it impinges on the wall, similar to those observed by Kataoka et al. (1982) for impinging jets with H/D = 6, or was due to asymmetries in the interaction of the vortex ring structures observed in the LES simulation of a forced jet with H/D = 9 by Tsobokura et al. (2003) .
The interaction of the large-scale structures with the surface in round impinging jets changes as the distance between the nozzle and the surface is increased, and is probably related to the known downstream breakdown of the the large-scale structures in the axisymmetric shear-layer (Liepmann & Gharib 1992; Citriniti & George 2000; Jung, Gamard & George 2004) . The effect of this change can be seen in measurements of the heat transfer (e.g. Viskanta 1993; Webb & Ma 1995) . In particular, the secondary peak in the heat transfer present in the wall jet region decreases and disappears when the nozzle-to-plate spacing is increased from approximately 2 to 6 diameters. The heat transfer in the stagnation regions increases as the nozzle-to-plate distance increases over this range, indicating that the changes in the structures affect the flow in the stagnation region and wall jet region differently.
The present work examines the relationship between the large-scale structures present in the stagnation region and the wall jet region of an impinging jet flow. The measurements were performed for impinging jets with nozzle-to-plate distances of 2 to 4 diameters to examine how this relationship changes when this distance is varied. This was not intended as a comprehensive investigation of the effect of the nozzleto-plate distance but, as shown below, it has provided considerable insight into this effect. The development of the structures in the wall jet region were initially examined using two-point correlation measurements of the fluctuating wall pressure. Following this, the development of the instantaneous structures in the jets were characterized using simultaneous time-resolved measurements of the fluctuating pressure field on the surface. The experimental apparatus and methodology used in this investigation are described in § 2. The two-point and two-time correlation measurements and instantaneous measurements of the fluctuating pressure are then presented in § 3. Finally, the results are discussed and conclusions presented in § 4.
Experimental facility
The experimental apparatus used in this investigation, and used previously by Hall & Ewing (2005) , is shown in figure 1 . The impinging jet exits a long pipe with a diameter, D, of 38.1 mm and a length of 60 diameters. The air flow was supplied by a 5 h.p. variable speed blower and was conditioned using a series of 460 mm diameter circular filters mounted in a large 760×760×760 mm 3 settling chamber. The flow then entered the long pipe through a machined bellmouth. Sun (2002) and Gao, Sun & Ewing (2003) measured the mean streamwise velocity and the streamwise turbulence intensity at the pipe exit using hot-wire anemometry for Reynolds numbers ranging from 23 000 to 110 000. The mean profiles were in good agreement with the profiles for fully developed turbulent pipe flow, and the flow exiting the pipe was axisymmetric. The measurements of the impinging jet were performed here for jets with centreline velocities of 11.7 m s −1 corresponding to a bulk velocity, U o = Q/A, (based on a 1/7 profile) of 9.54 m s −1 and a Reynolds number of 23 300. The jet impinged onto a stiff smooth 10 mm aluminium tooling plate that was 92 cm × 92 cm 2 . The plate was rigidly mounted on a traverse that could be used to adjust the position of the plate relative to the jet outlet. Following the approach used by Ho & Nosseir (1980) , Kataoka et al. (1982) and Hall & Ewing (2005) , the development of the large-scale structures in the impinging wall jet was examined by measuring the fluctuating wall pressure. Here, the pressure was measured at 6 concentric rings of pressure taps at r/D = 0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 and a lone tap positioned at the jet centreline (figure 1b). These rings contained 8, 16, 16, 32, 32 and 32 equally spaced flush-mounted taps with an inner diameter of 1.2 mm. The taps not in use were plugged on the back of the plate using a closed piece of Tygon tubing.
The development of the structures in the wall jet region was first examined using measurements of the two-point and two-time correlations of the fluctuating wall pressure. These correlations were measured using two microphones that were moved between the taps. The instantaneous dynamics of the structures in the flow were then examined by simultaneously measuring the fluctuating pressure at all the points using a multi-channel pressure transducer system. The details of the two measurements are outlined below. The statistical measurements from the two approaches were compared and found to be in good agreement (cf. Hall et al. 2003) . The microphone measurements had a greater dynamic range and are thus used for most of the statistical measurements presented here.
Microphone measurements
The two-point and two-time correlations of the fluctuating wall pressure were measured using two Sennheiser microphones housed in snugly fitting Delron cases that included 1.2 mm diameter taps on the tops of the cases. The taps on the microphone cases were connected to the pressure taps on the plate using 40 mm long Tygon tubes. The response of the Sennheiser microphones was flat for frequencies between 35 and 10 000 Hz. The experimentally determined resonant frequencies of the measurement systems were over 2 500 Hz, well above the frequencies of interest here. The linear sensitivity coefficients of the microphones were determined by calibrating the microphones using a B&K pistonphone.
The voltage signals from the two microphones were recorded using two channels on an 8 channel, 16 bit Microstar 1816 A/D board that included passive high-pass anti-aliasing filters and on-board digital filters for each channel. The digital filters for the two channels were set to be constant-phase brick-wall low-pass filters with cutoff frequencies of 2300 Hz for the measurements reported here. The filtered voltage signals from the two microphones were sampled in 100 blocks of 1200 data points at 4800 Hz. The sampled signals were then converted to instantaneous pressures using the linear sensitivity coefficients of the microphones. The mean pressure for the full record from each channel was subtracted from the record of the instantaneous pressure,p, to compute a record of the fluctuating pressure, p. The time records were then Fourier transformed and used to compute cross-spectra. The cross-spectra for the different azimuthal separation distances were then Fourier transformed in the azimuthal direction to compute the azimuthal frequency spectra, as discussed in Hall & Ewing (2005) .
The two-point and two-time correlation of the fluctuating pressure in the azimuthal direction was first measured on each of the radii between r/D = 1.0 and 2.5, with one microphone at a fixed azimuthal position while the second was moved to different azimuthal positions. The symmetry of the flow was checked by comparing the standard deviation and the spectrum of the fluctuating pressure at the different azimuthal positions on each radius. It was found that the standard deviations measured at the different points on each radius agreed to within ±5 % and the magnitude of the spectra agreed to within ±20 %, the 95 % confidence interval for the spectra. The two-point and two-time correlations were then measured between the different radial positions between r/D = 1.0 and 2.5. Measurements were performed for jets with H/D = 2, 3 and 4. The results for H/D = 2 and 4 are presented here. The results for the jet with H/D = 3 fell between the results for the other two jets and are not included here, but were presented in Hall, Gao & Ewing (2002) .
Multi-channel pressure transducer measurements
In a later experiment performed at the boundary-layer wind-tunnel facility at the University of Western Ontario, the fluctuating pressure was measured simultaneously at all pressure taps using 9 ESP model 16TL pressure transducers that were then multiplexed using a specially designed A/D system. The pressure taps were connected to the pressure transducers through long tubes so the dynamic frequency response of the tubes and the system were calibrated before the experiment by sweeping the pressure transducers with a fluctuating pressure signal. The resulting transfer functions were used to correct the instantaneous pressure measurements. The corrected response of the sampling system was flat for frequencies between approximately 10 Hz and 400 Hz. The signals from the transducers were sampled at 800 Hz (the limit of the A/D system) in a single 180 second block. The Nyquist frequency for these measurements of 400 Hz corresponds to a non-dimensional frequency, f N D/U o , of 1.6, which was sufficient to resolve the contributions from the large-scale motions of interest here. The fluctuating pressure was again determined by subtracting the mean of the entire time record from each channel. The record was then parsed into 350 independent blocks of 400 points that were used to compute the spectra of the fluctuating pressure. The 95 % confidence interval in the estimator of the spectrum at each point was approximately 10 %. The frequency spectra, azimuthal spectra, and azimuthal frequency spectra of the fluctuating pressure from these measurements were compared to the measurements from the microphones (cf. Hall et al. 2003) . There was approximately 10 % more energy in azimuthal modes 0 and 1 for the pressure transducer measurements. Overall, though, there was quite good agreement between the azimuthal and frequency spectra determined from the pressure transducer and microphone measurements, indicating that the time-resolved simultaneous measurements using the pressure transducers accurately captured the pressure changes on the wall. The measurements in this case were performed for jets with H/D = 2 and 4.
Experimental results
3.1. Time-averaged statistics The distributions of the standard deviation of the fluctuating pressure, σ p , measured on the wall are shown in figure 2. The results indicate that the change in the pressure fluctuations in the stagnation region and the wall jet region differed as the distance between the nozzle and the plate varied. The pressure fluctuations in the stagnation region increase in magnitude as the distance of the nozzle from the wall increases. The pressure fluctuations were largest at r/D = 0.5 below the nominal location of the shear-layer, and smaller in the region below the core of the impinging jet. In the wall jet region, the pressure fluctuations decreased in magnitude as the distance of the nozzle from the plate increased. In both cases, the pressure fluctuations in the wall jet region were initially significantly smaller than in the stagnation region. The pressure fluctuations increased to a maximum at r/D = 1.5 before decreasing, similar to the results by Ho & Nosseir (1980) . Didden & Ho (1985) observed in their measurements of the forced impinging jet that the increase in the magnitude of the fluctuating pressure in the wall jet region was associated with the formation of secondary vortices induced by the passage of primary rings over the wall. The decrease in the pressure fluctuations after the maximum were associated with the ejection or lifting of the secondary vortices. If this is the case, the results here suggest the large-scale structures were playing a less prominent role in the wall jet region as the nozzle-to-plate distance of the impinging jet was increased. The three-dimensionality of the structures causing the pressure fluctuations in both regions was characterized using the azimuthal spectra given by
1) where R pp (r 1 , r 2 = r 1 , θ, τ = 0) is the two-point pressure correlation on a given radius, r 1 , for points separated by θ in the azimuthal direction, with time lag, τ , of zero. The azimuthal mode number is denoted by m. The results for the stagnation region and the wall jet region are shown in figure 3, with the results for r/D = 1 shown in both regions. The spectra in these plots have been normalized so that the sum of the modes for each radii are (σ p /0.5ρU
2 . The results indicate that there are significant differences between the pressure fluctuations in the stagnation region and the wall jet region. For both jets, azimuthal modes 1 to 3 make the largest contribution in the stagnation region, while azimuthal mode 0, the axisymmetric ring mode, makes a small contribution, suggesting that the more three-dimensional modes play a more significant role in the stagnation region. This was particularly true for the jet with H/D = 4, and consistent with the findings of Kataoka et al. (1982) for a jet with H/D = 6. In the wall jet region, azimuthal mode 0 and azimuthal mode 1 (the largest antisymmetric ring mode), make significant contributions to the spectra at r/D = 1.0 and 1.5 for the jet with H/D = 2 indicating that there are prominent large-scale motions present in this region of the flow, as noted by Hall & Ewing (2005) . The azimuthal spectra in the wall jet region were broader and less energetic for the jet with H/D = 4. This is not unexpected since the large-scale structures in the axisymmetric shear-layer break down as the flow evolves downstream (e.g. Liepmann & Gharib 1992; Jung et al. 2004) . Azimuthal modes 0 and 1 still make a significant contribution to the spectra in this jet, suggesting that there are still large-scale motions present in this wall jet, but they are less prominent than in the jet with H/D = 2. The contributions from modes 0 and 1 decay throughout the wall jet region for the jet with H/D = 4 suggesting that the large-scale structures may be breaking down throughout this wall jet. The contribution of the individual azimuthal modes to the quasi-periodic motions observed in the impinging jet can be examined using the frequency spectra of the azimuthal modes given bỹ than the other results because these were determined from the pressure transducer measurements that had a lower sampling frequency. It is clear that the pressure spectra in the stagnation region and the wall jet region are quite different. The pressure spectra in the wall jet region of both flows have distinctive peaks indicative of the passage of quasi-periodic structures, while the spectra in the stagnation region of both flows are quite broad. The contribution from all the azimuthal modes in the wall jet region have peaks at similar frequencies, suggesting these modes are all convected at the same velocity. This will be discussed further in the analysis of the two-radii measurements. The frequency spectra for azimuthal modes 0 and 1 in the jet with H/D = 2 have prominent peaks at f D/U o = 0.5, indicating that the pressure fluctuations associated with these modes are caused by the passage of quasi-periodic large-scale ring structures in the wall jet. The contribution from the higher azimuthal mode numbers, m = 2 to 5, are all similar in the radial wall region and act to broaden the peak in the conventional pressure spectra for this jet, obscuring the contributions from the largest-scale structures. The pressure spectra for the contribution of azimuthal modes 0 and 1 in the wall jet region for the case of H/D = 4 (i.e. figure 4d , f, h) do not have as prominent a peak as for the impinging jet with H/D = 2, indicating that the structures in the flow associated with these modes are less energetic, or are more intermittent in the jet with H/D = 4. In fact, the spectra for these modes change similarly to the higher azimuthal modes as the flow evolves through the wall jet region, suggesting that the largest-scale motions in the jet with H/D = 4 are simply convected through the wall jet region similar to the more three-dimensional motions.
The pressure spectra in the stagnation region at r/D = 0.5 are quite broad in both jets, but these spectra are not necessarily representative of the contribution for all of the large-scale motions. In both jets, the contributions from azimuthal mode 0 has a distinct peak at f D/U o = 0.5, the same as in the spectra in the wall jet region. This suggests that the large-scale ring structures in the wall jet region are related to those in the jet shear-layer. The peak for mode 0 is much smaller in the jet with H/D = 4, as expected. The spectra for the contributions from azimuthal modes 1 to 3 are broad and have a lower characteristic frequency (f D/U o ≈ 0.3), particularly in the jet with H/D = 4. As a result, the characteristic frequency of the pressure spectra at r/D = 0.5 for the jet with H/D = 4 is lower than the jet with H/D = 2. Jung et al. (2004) found a similar difference between the frequency spectra of azimuthal mode 0 and the higher azimuthal modes for the streamwise velocity spectra in the axisymmetric shear-layer. This suggests that the lower-frequency motions in the stagnation region may be associated with the jet shear-layer and may not be particular to the impinging jet. There was no evidence of lower-frequency fluctuations in the wall jet region, suggesting that the low frequency azimuthal mode 1 to 3 pressure fluctuations in the stagnation region are not directly related to those in the wall jet region.
Following Hall & Ewing (2005) , the convection of the structures causing the different azimuthal modes were characterized using the normalized two-radii and two-time correlation computed for each mode given by The correlations for azimuthal modes 0, 1 and 5, and the correlations of the fluctuating wall pressure given by
are shown in figure 5 . The correlations here are computed about the radius r 1 /D = 1.0 in the two jets using the pressure transducer measurements, The results for r/D > 1 agree with similar results measured using the microphones. As noted in Hall & Ewing (2005) , the two-point and two-time correlations for the fluctuating pressure decay more rapidly than the correlations for azimuthal modes 0 and 1 in the wall jet region and are better measures of the decay in the correlation of the higher modes, such as azimuthal mode 5 shown here. The correlations for azimuthal modes 0 and 1 decrease more rapidly for the jet with H/D = 4 indicating that the large-scales structures were breaking down more rapidly in this flow. The average convection velocity determined from the correlations were similar in both jets. The average convection speed decreased from U c = 0.73U o in the region between r/D = 1.0 and 1.5 to 0.6U o for r/D = 1.5 and 2.0 in agreement with the convection velocities of the primary and secondary vortices reported by Didden & Ho (1985) , respectively. This suggests that the secondary vortices have separated from the wall in this region as discussed in Hall & Ewing (2005) . There is also a larger decrease in the correlation between r/D = 2.0 and 2.5, consistent with this observation. The correlations between r/D = 1.0 and r/D = 0.5 indicate that the motions that contribute to azimuthal mode 1 in the stagnation region and the wall jet regions are not that well correlated, particularly in the jet with H/D = 4. This differed from the results for azimuthal mode 0 that were reasonably well correlated in both jets or even the higher azimuthal modes, such as azimuthal mode 5. The frequency spectra computed from these correlations indicated that it was the lower-frequency fluctuations in the stagnation region that were not well correlated with the motions in the wall jet region, as expected. This is examined in more detail using the time-resolved simultaneous measurements of the pressure discussed below.
Instantaneous pressure measurements
The contribution of azimuthal modes 0 and 1 to the instantaneous pressure field at the wall was characterized by decomposing the instantaneous pressure field into azimuthal modes. This decomposition was then used to compute low-order reconstructions of the pressure field retaining only a few modes; i.e. (3.6) wherep(r, m, t) is the Fourier coefficient of the pressure in the azimuthal direction and M is the number of modes retained in the reconstruction. Comparisons of the fluctuating pressure fields reconstructed using the contributions from azimuthal modes 0, modes 0 and 1, and all the modes (or the full pressure fields) for the jet with H/D = 2 are shown in figure 6 . The fluctuating pressures between the neighbouring radii in the wall jet region have been interpolated by using a time lag based on the average convection velocity of the motions between the measurement points and the distance to the measurement points in order to accurately reproduce the convective character of the motions in this region. The total time interval in this figure corresponds to the nominal passage of a single structure. It is clear from figure 6 that the large-scale events in the fluctuating pressure field are asymmetric and thus cannot be captured in the reconstructions using solely azimuthal mode 0, the axisymmetric ring mode. The asymmetry in the large-scale pressure fluctuations is well captured with the addition of only azimuthal mode 1, the largest antisymmetric mode. For example, at t n = tU o /D = 0.525 there is evidence of an asymmetric ring structure near the stagnation region in the instantaneous pressure field that evolves outward and rotates in the subsequent realizations. These events are not well captured in the reconstruction using only azimuthal mode 0, but are reasonably well represented when azimuthal mode 1 is included in the reconstruction.
There is also evidence of large asymmetric pressure fluctuations in the stagnation region that did not seem to appear at later instants in the wall jet region. This suggests that the azimuthal mode 1 fluctuations in the stagnation region are not directly linked to the mode 1 fluctuations in the radial wall jet. This event was captured in the reconstruction with azimuthal modes 0 and 1, indicating that these two modes include information about the dynamically important events in both the stagnation and wall jet regions. The time-dependent behaviour of the pressure fluctuations in the impinging jet can be better characterized for longer durations by applying a wavelet transform to the fluctuating pressure signal or to the contribution of the different azimuthal modes to the fluctuating pressure signal. Here, the real part of a Morlet wavelet given by
is used in the wavelet transform; i.e.
where a is the time scale of the wavelet, * denotes complex conjugate, and τ is the temporal translation parameter. The wavelet analysis was also performed using the Mexican hat wavelet and it was found the results were relatively insensitive to the choice of wavelet. The modulus of the wavelet coefficient for the fluctuating pressure, P (a, τ ), and the contributions from azimuthal modes 0, 1 and 5 at r/D = 0.5 and 1.5 for the jet with H/D = 2 are shown in figures 7 and 8. The results are presented here by converting the time scale to one corresponding to the central frequency of the wavelet using There is no evidence of the lower-frequency motions in the wall jet region. At both locations, azimuthal mode 5, typical of the higher modes, is weak compared to azimuthal modes 0 and 1, but does appear to be intermittent as well. The differences in the dynamics of azimuthal mode 0 and mode 1 can be seen more clearly in figures 9 and 10 where the wavelet coefficients for these modes are compared from r/D = 0.5 to 2.0. The magnitude of the wavelet coefficients for azimuthal mode 0 differ at the different locations, but the shapes of the distributions are similar. There is a time delay between the distributions at the different radii indicating that the motions that cause the wall pressure fluctuations with azimuthal mode 0 seem to be convected from r/D = 0.5 into the wall jet region. This differs from the results for azimuthal mode 1. In particular, there is a significant low-frequency contribution to azimuthal mode 1 at r/D = 0.5 that does not appear at r/D = 1.0 or at any other downstream locations in the wall jet region, suggesting that these low frequency motions are primarily related to the flow in the stagnation region. The wavelet coefficients at non-dimensional frequencies between 0.4 and 1 at r/D = 0.5 are often similar to those at subsequent downstream locations, suggesting that the motions causing the pressure fluctuations with frequencies similar to mode 0 may be convected from the stagnation region to the wall jet region. The role of azimuthal mode 1 in the wall jet region was examined further by considering how the phase angle of the coefficientp(r, m, t) for mode 1 varied over time. A comparison of the phase angle for mode 1 and the modulus of the wavelet coefficients for this mode at r/D = 1 are shown in figure 11. There were long periods where the phase angle changed approximately linearly with time, suggesting the pressure field on the plate was rotating. This persisted for durations of up to 8 full rotations. There was no preferred direction of this rotation and there were often short interruptions in the phase.
The wavelet analysis was also applied to the measurements in the impinging jet with H/D = 4. The wavelet coefficients of the fluctuating pressure and modes 0, 1 and 5 in the stagnation region and the wall jet region of this flow are shown in figures 12 and 13. In this case, azimuthal mode 1 makes a more prominent contribution in the stagnation region. There is a large increase in the contribution from the low-frequency motions which may correspond to the refreshing motions proposed by Kataoka et al. (1982 Kataoka et al. ( , 1987 
Summary and concluding remarks
The development of the large-scale motions in impinging jets with nozzle to plate spacings of 2 and 4 diameters was investigated using measurements of the fluctuating wall pressure. The results indicated that the behaviour of the structures in the stagnation and wall jet regions differed in the impinging jet. The pressure fluctuations in the stagnation region were more three-dimensional, similar to the findings of Kataoka et al. (1982 Kataoka et al. ( , 1987 for a jet with H/D = 6, with azimuthal modes 1 to 3 making the most prominent contributions in the jets studied here. The frequency spectra for these modes in the stagnation region were broad and a wavelet analysis indicated that the motions had two different ranges of characteristic frequencies, one corresponding to the azimuthal mode 0 fluctuations in the jet and a second at a lowerfrequency range. The frequency spectra for modes 1 to 3 reported here are similar to those for velocity measurements in the axisymmetric shear-layer of a free jet reported by Jung et al. (2004) and others, suggesting that the lower-frequency motions may be associated with oscillations in the jet shear-layer and are not necessarily particular to the impinging jet. These oscillations may be associated with what many investigators refer to as the helical mode in the free jet. The measurements in the wall jet region indicated that there were large-scale ring structures present in this region that had a characteristic frequency similar to the vortex rings in the stagnation region. The pressure fluctuations were asymmetric in this region with azimuthal modes 0 and 1 making similar contributions. This asymmetry of the large-scale structures included large periods of rotation that could act to promote the heat transfer in the wall jet region by periodically moving regions of large near-wall turbulence. The azimuthal mode 1 fluctuations in the wall jet region had a similar frequency to azimuthal mode 0 and there was little or no evidence of low-frequency motions in this region. Thus, the azimuthal mode 1 fluctuations in the wall jet region are probably associated with an asymmetric interaction between the ring structures formed in the jet shear-layer and the wall, and do not seem to be directly related to the prominent large-scale fluctuations in the stagnation region. The asymmetry in the development of the ring structures may be less prominent for impinging jets exiting contoured nozzles, since the structures formed in the shearlayers of these jets appear to be less asymmetric than those in free jets exiting long pipes (see Schefer et al.1994 ; Mi, Nobes & Nathan 2001). Landreth & Adrian (1990) observed, though, that there was still significant asymmetry in the vortical structures in an impinging jet exiting a contoured nozzle.
The change in the contributions from the large-scale fluctuations in the two regions differed as the distance between the nozzle and plate varied. The contribution from the large-scale three-dimensional modes in the stagnation region increased in magnitude as the nozzle-to-plate distance increased. This probably causes the enhancement in the heat transfer produced by the impinging jet in this region when the nozzle-to-plate distance is increased. The contribution from the large-scale motions in the wall jet region decrease in prominence as the nozzle-to-plate distance increases and this too probably explains the decrease in the secondary peak of the heat transfer in this region. The differences in the contributions from the large-scale structures in the two regions, again, suggest that the structures causing the prominent fluctuations in the stagnation region and the wall jet regions are not directly related. The different mechanisms in the stagnation and wall jet regions of the impinging jet may also explain differences in the turbulent flow field in these regions. In particular, the maximum in the turbulence intensity in the stagnation region increases as H/D increases, while the turbulence intensity in the wall jet region decreases for the same change in H/D (Cooper et al. 1993) .
